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Abstract. The photodissociation dynamics of Cl,O at
235nm and 207nm are investigated. The chlorine atoms
generated via dissociation into the radical and three-
body decay channel are detected state specifically in a
(2+1)-REMPI process. At 235nm the CloO molecule
was excited to the 12B; state and the decay is dom-
inated by the radical dissociation CloO+hy—Cl0+Cl.
.At 207nm an excitation into the 2! A; state takes place,
which dissociates predominantly into the three-body
channel Cl,O+hy—2Cl+0. The three-body decay is
characterized based on the fragment kinetic energy dis-
tributions at 235nm and 207nm. The shape of the en-
ergy distributions points to an asynchronous concerted
decay mechanism. © 2001 Elsevier Science Ltd. All rights reserved

1 Introduction

Due to the fundamental significance of elementary three-
body processes, e.g. in the ozone formation process
0+02:+M—03+M*, it is somewhat surprising that
even for photo induced three-body decay processes as
their simplest example only relatively few studies ex-
ist leaving uncharted territory in the map of physi-
cal chemistry. We have investigated the three-body
decay of phosgene (COCly), thionyl chloride (SOCl;)
and dichloromonoxide {Cl,0) (Maul et al., 1997; Maul
and Gericke, 2000) using REMPI/TOF measurements
(resonance enhanced multi-photon ionisation/time of
flight). Emphasis is laid on the distinetion between
concerted and stepwise processes, consisting of one sin-
gle or two consecutive kinetic events, respectively. If a
molecule ABC dissociates into its atomic fragments A,
B, and C, the bondbreaking processes can take place in
unison or not.

ABC +hv ™ ABC* % AB*+C B A+B+C (1)
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The decay is called sequential for a time difference
At=ty-t; being greater than the rotational period 7,4
of the intermediate AB. If it is smaller, the dissoci-
ation is denoted as concerted. Concerted fragmenta-
tion is further classified as either synchronous (At=0)
or asynchronous (0<At<T.,). This classification is of
special importance to atmospheric chemistry, since sec-
ondary collision processes may influence the final prod-
ucts depending on whether the decay proceeds in a step-
wise or synchronous manner. The different mechanisms
produce different specific fragment energy distributions,
which in turn can be used to study the decay dynamics
by sensitive detection techniques like REMPI/TOF.

Here we present the results for CloO as an exam-
ple of one of the simplest fragmentation processes with
respect to three atomic products. The photodissocia-
tion of CloO might follow three different dissociation
channels. One is the two-body decay into ClO and Cl
(eq.(2)), which is named radical decay, one is the frag-
mentation into Cly and O (eq.(3)), the molecular chan-
nel, and there is the three-body decay into two chlorine
atoms and one oxygen atom (eq.(4)).

CloO + hv = ClO + Cl Atpresr, = 868nm (2)
+hv = Cly +0 Atpresh = 729nm (3)
+hy =5 2CL + 0 Mpresn = 297nm 4)

In previous studies of the photodissociation of ClsO
at 248nm and 308nm (Nelson et al., 1994; Moore et al.,
1997), the dominating dissociation channel was found to
be the radical channel. At 193nm the three-body chan-
nel is the main dissociation channel (Nelson et al., 1994).
From the absorption cross section of chlorine monoxide
shown in fig.1 it is evident that the molecule is excited
into different electronic states depending on the exci-
tation wavelength. From the previous studies and the
assignment of excited electronic states of Cl,0, we as-
sume the three-body decay to dominate for photolysis
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wavelengths below 220nm. Therefore we performed pho-
tolysis experiments at both sides of the absorption min-
imum at 220nm, repeating previous sudies by Tanaka et
al. (1998) at 235nm and comparing the results to data
obtained for the unknown wavelength of 207nm.
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Fig. 1. Logarithmic absorption cross section of Cl;O based on the
publications of Nee (1991), Lin (1976) and DeMore et al. (1997).
The assignment of the electronic states is taken from the calcu-
lations of Nickolaisen et al. (1996). The wavelengths used in the
present experiment are marked by arrows.

2 Experimental

The linear time of flight spectrometer is described in de-
tails elsewhere (Haas et al., 1993). Basically it consists
of a stainless steel tube evacuated to a base pressure
of 10~*Pa equipped with quartz windows for photolysis
and probe lasers traversing perpendicular to the single
field TOF spectrometer. The Cl;O molecules were gen-
erated according to the method of Cady (1957) and pu-
rified from chlorine molecules by a vacuum distillation.
The Cl,O gas (80-130x10?Pa) was mixed with argon
to a total pressure of 10°Pa. A pulsed nozzle (Gen-
eral Valve Series 9) was used to expand the gas mixture
inside the spectrometer perpendicular to the spectrome-
ter axis. Using repetition rates of 10Hz and a stagnation
pressure of 2-10x 104Pa we obtained a background pres-
sure of about 10~2Pa with the nozzle in operation. An
excimer pumped dye laser system (Lambda Physik LPX
100, Lambda Physik LPD 3000) was used to generate ra-
diation at 470nm and a Nd:YAG laser pumped dye laser
(Coherent Infinity 40-100, Lambda Physik Scanmate)
delivered 414nm radiation. Both lasers were frequency-
doubled by two different BBO crystals. The energy of
the frequency-doubled light amounted to 200-600uJ per
pulse. The laser beam at 235nm was focussed with a lens
of 90mm focal length, while at 207nm a lens of 150mm
focal length was used. The laser beams were collinear
but counter propagating and ultimate care was taken to
overlap the focal points. The timing between the lasers

and the molecular beam was controlled by a delay gen-
erator (Stanford Research System DG 535). The delay
between dissociation and probe beam was 10-20ns. The
polarization of the lasers was changed by a half wave
plate in order to investigate the spatial fragment dis-
tribution. The ground state of the chlorine atom 2P,
is split by 882cm™! due to spin orbit-coupling. Chlo-
rine atoms in the ?Pg /2 ground state are indicated by
Cl, while Cl* represents chlorine atoms in the 2P, /2
excited state. Both states were detected by a (2+1)-
REMPI process. The ground state was probed via
the (*D3/5¢-2Py/2) transition at 235.336nm, the excited
state by the (2S;/3¢-2Py/5) transition at 235.205nm.
Although these detection wavelength are near to each
other no contamination of the other spin-orbit state is
observed. The REMPI signal was averaged over 1000
laser shots by a digital oscilloscope (LeCroy 9450 A,
350MHz) and saved by a personal computer.

3 Results

In the photodissociation of Cl;O at 235nm chlorine frag-
ments in the Cl and Cl* state are generated. The re-
sulting TOF profiles of both states at the dissociation
wavelength of 235nm are shown in fig.2 in dependence
on the orientation of the laser polarization E with re-
spect to the spectrometer axis z.
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Fig. 2. TOF-profiles received at a dissociation wavelength of
235nm. The dashed line represent profiles achieved with a perpen-
dicular alignment between laser polarization E and spectrometer
axis z. The solid line represents the parallel alignment respec-
tively.
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The peak intensity of the ground state Cl atom is
higher than that of the CI* but the profiles do not allow
a determination of the branching ratio C1*/Cl. Each
profile consists of contributions of both chlorine iso-
topes. The first peak (at smaller TOF) caused by **Cl
is three times larger than the second peak representing
37Cl, what is consistent with the natural isotope relation
of 3:1. Different shapes for parallel and perpendicular
polarization geometries are observed. The TOF profiles
F(t) reflect the projection of the three-dimensional ve-
locity distribution onto the spectrometer axis z. In the
perpendicular case the projection of the velocity distri-
bution peaks in the middle of the profiles, whereas in
the parallel case the flanks of the profiles are enhanced.
For Cl* this behaviour is even more pronounced than
for Cl. Thus, the velocity of the chlorine products is
‘mainly aligned parallel to the polarization vector E, i.e.
the transition dipole moment p. Under the assumption
of a constant anisotropy parameter § the projection is
described by

> 1 Uy
F(v,) = / dvf(v)2—[1 + BPs (=) Py(cosh)] (5)
v, v v

where v represents the absolute value of the veloc-
ity and v, the velocity component in z direction. @ is
the angle between the fragment recoil velocity and the
transition dipole moment and P,(x) is the second Leg-
endre polynomial of x. The TOF profiles of both chlo-
rine spin-orbit states were fitted independently but the
anisotropy parameter was found to be the same within
error (0.720.2).

Moore et al. (1997) assumed three subgroups
of the energy distribution with different 2 values.
The subgroup of the fast paricles was assigned to
B=0.7£0.2, particles with intermediate kinetic energies
to B=1.5+0.2 and slow fragments to §=1.5+£0.2. How-
ever, Tanaka et al. (1998) observed a value of 1.2+0.2
which is independent of the Cl fragment kinetic energy.
While our result supports the value of Moore et al.,
it cannot be excluded that partial saturation of the
photolysis step has caused a reduction of the observed
B value.

Inverting eq.(5), the velocity distribution f(v) and
consequently also the kinetic energy distribution are
extracted. The results are shown in fig.3. The energy
distributions of both chlorine atoms have a bimodal
character, which points to two different dissociation
pathways. The three-body dissociation threshold is
marked by a dashed arrow in fig.3. Thus, we assign
the low energy maximum in the energy distributions
to the three-body decay, the high energy one to the
radical decay. For every spin-orbit state of the chlorine
atoms the portion which is generated in the two- and
three-body decay is estimated by integrating the energy
distributions to the assigned limits. For ground state
atoms the portion of the two- and three-body decay
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Fig. 3. Kinetic energy distribution of chlorine atoms produced
in the dissociation of Cl2O. The bold line represents our experi-
mental values. The thin line reflects the values of Tanaka et al.
(1998). The error bars of both measurements are indicated. The
energetic threshold of the radical (solid arrow) and the three-body
decay channel (dashed arrow) is marked.

is the same, whereas 63% of the chlorine fragments
in the excited spin-orbit state were generated in the
two-body decay. At 248nm, where the same Cl;0 state
is excited, the two-body decay channel dominates and
the three-body decay is the minor channel (Nelson et
al., 1994). If the excitation wavelength is reduced and
thus the energy is increased a rise of three-body decay
channel is probable. The energy distribution of Cl* has
a larger portion of fast particles in consistence with the
TOF profiles of fig.2. The energy distribution of chlo-
rine atoms in the %Pg /2 state is in excellent agreement
with former measurements of Tanaka et al. For the
excited spin-orbit state Cl* atoms the agreement with
previous data is less perfect on a quantitative scale, but
a very good qualitative agreement is obtained in that
a bimodal distribution is observed the parts of which
can be associated with the three-body and the radical
channel, respectively. The energy resolution given for
the former experiment is about 3300cm~!. The reso-
lution of the present data is energy dependent and for
typical fragment energies of 9000cm™" it is in the order
of 1200cm™!. Additionally the energy distribution of
the chlorine atoms in the excited spin-orbit state of
Tanaka et al. show a contribution above the energy
limit which remains unclear.
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Similarly, at 207nm the TOF profiles were measured
for both chlorine states with parallel and perpendicu-
lar orientation of the laser polarization with respect to
the spectrometer axis. As an example the TOF profiles
of ClI* obtained in the photodissociation at 207nm are
shown in fig.4. Again the observed anisotropy parame-
ter 0.240.2 is identical for both spin-orbit states.
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Fig. 4. TOF-profiles measured at 207nm. The dashed line repre-
sents the two-colour signal, the dotted line the one-colour signal
and the solid line the difference of both. The profiles achieved
with parallel alignment between laser polarization E and spec-
trometer axis z are depicted in the lower part, the perpendicular
polarization in the upper part.

In order to account for interference between 207nm
and 235nm dissociation and to isolate the 207nm three-
body decay signal we measured two profiles, the com-
plete two-colour signal (dashed line) and the one-colour
signal (dotted line) obtained by shutting the 207nm pho-
tolysis laser beam. The difference of both signals (solid
line) also shown in fig.4 is characteristic for the 207nm
dissociation alone.

In the same way as before the 207nm energy distribu-
tion of chlorine is determined. The kinetic energy distri-
bution for the three-body decay at 207nm is depicted in
fig.5 as the difference between one- and two-colour dis-
tribution. The three-body decay threshold is marked.

4 Discussion

The observed dependence of the TOF profiles at 235nm
and 207nm on the polarization of the photolysis laser is
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Fig. 5. Energy distributions obtained by the difference between
two-colour and one-colour distribution. The arrows mark the
three-body decay thresholds.

evidence for anisotropic behaviour, which can be em-
ployed to determine the orientation of the transition
dipole moment g and thus of the symmetry of the ex-
cited state. Both transition dipole moments for the
1'By«X!A; and for the 2'A;«X!A; transition lie in
the molecular plane, the former parallel and the lat-
ter perpendicular to the line connecting the terminal
Cl atoms. With the equilibrium Cl-O-Cl bond angle of
110.9° limiting B’ parameters of 1 and 0 were derived for
instantaneous decay from f'=2P3(cosf’) with 6’ being
the angle between p and the fragment recoil direction
(Busch and Wilson, 1972). The observed 3 parameter
values of 0.7£0.2 and 0.240.2, respectively, confirm the
excited state assignment by Nickolaisen et al. Any devi-
ation from the calculated 8’ parameters may be caused
by parent motion during fragmentation. Assuming a de-
cay geometry which corresponds to the ClOCI ground
state geometry (ZClOCI=110.9° r¢;-0=169.587pm) at
15K allows an estimation of an upper limit of the lifetime
for the excited 1! B, state of 7=2ps due to rotational av-
eraging of the fragment anisotropy (Busch and Wilson,
1972).

The bimodal behaviour of the 235nm kinetic energy
distribution is probably due to a competition beween
two- and three-body decay on the initially excited !By
surface. The 1B, state adiabatically correlates to Cl*
(*Py/2) fragments only. Thus, the Cl* kinetic energy
distribution at 235nm reflects the complete dynamics
of the decay, whereas the CI(*P; /2) kinetic energy dis-
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tribution is produced by passing these portions of the
1B, surface where the diabatic coupling to low lying ex-
cited eletronic states is strong. This is essentially the
case where a slow original fragment is born with a part-
ner ClO fragment with large internal excitation, or in
genuine three-body decay processes. The amount of Cl
fragments in the ground state generated in the two-body
decay is the same as that generated in the three-body de-
cay. For the excited spin-orbit state the two-body decay
is preferred with 63% of the totally observed Cl*. Simi-
lar arguments also hold for the 207nm dissociation. The
2'A; surface also correlates to CIO(*II3/2)+Cl*(*Py )
fragments, which agrees with the strong signal enhance-
ment observed for shining in the 207nm dissociation
laser when the 235nm probe laser is tuned to the Cl*
transition. Contrary to the 235nm case, the diabatic
coupling to C1(*P; /2) ground state fragment seems to be
independent of the initial fragment velocity. It must be
mentioned, however, that a simple correlation diagram
cannot be obtained for a genuine concerted three-body
decay due to the lack of a distinguished projection axis.
Three-body decay is the dominating decay channel at
207nm, and the shape of the kinetic energy distribution
hints at a concerted mechanism, which predominantly
produces slow Cl fragments that recoil in the same di-
rection (Maul and Gericke, 1997).

5 Conclusions

The Cl;0 photodissociation was investigated at wave-
lengths of 235nm and 207nm via REMPI-TOF measure-
ments of the chlorine fragment. Previous assignments
of excited states were found to be correct. The disso-
ciation at 235nm takes place on the !B, potential en-
ergy surface, where two- and three-body decay processes
compete. The adiabatically generated Cl1* fragment is
converted to ground state Cl on selected portions of the
1B, surface. The dissociation at 207nm takes place on
the 2A; surface. Here, the dissociation is dominated
by three-body decay processes. The major mechanism
is believed to be a concerted decay with the Cl atoms
recoiling predominantly in the same direction, thus re-
leasing a minimum amount of kinetic energy into the Cl
fragments.
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